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FIG. 1: The general setup contains a molecular wire modeled
as a cylinder of length L and diameter  between two perfect





this paper we present a simple model calculation that
takes the relative magnitudes of these variables explic-
itly into account. We describe the model in Section II,
present the calculation in Section III and some results
and discussion in Section IV.
II. THE MODEL
The molecular wire is modeled as a cylinder of length
L and diameter of order  (the exact way in which  en-
ters into the model calculation is explained below), per-
pendicular to and connecting between two planar metal
electrode surfaces. As depicted in Fig. 1, the cylinder is
oriented parallel to the z axis, with its axis going through
the origin in the xy plane. The two electrodes are as-
sumed to be ideal conductors implying a constant poten-
tial on the entire surface of each electrode. We set the
potentials at the left and right wire-electrode interface
to be 
1
= =2 and 
2
=  =2, respectively. In view
of (2) below, this guarantees a vanishing mean potential
in z-direction and thus a neutral molecule. Finally, we
restrict the discussion of the potential prole to block-
ing junctions between electrodes and molecule so that no
current is owing.
As in Ref. [3] we assume that the wire material does
have screening capacity, and is characterized by a screen-
ing length . It should be noted that the existence,
nature and size of such screening length in molecular
systems is an open question with probably non-unique
answer. Molecules with large gaps between their high-
est occupied and lowest unoccupied molecular orbitals
(HOMO and LUMO) will obviously screen poorly, while
highly conjugated molecules with low HOMO-LUMO gap
will screen relatively well.
In the present discussion we assume that over the rel-




 =  4 : (1)
According to the cylinder symmetry of the molecule, the
charge density (r
k
; z) depends on the radial distance r
k
from the wire axis and the position z along the wire. In
transversal direction, the charge density is assumed to
be determined by a given molecular electron distribution
represented by a factor F (r
k
). The longitudinal part de-
pends on the potential along the molecular axis. The
screening is then described by
4(r
k







which together with (1) will allow us to determine the
potential prole.
Any assumption about the functional form of F (r
k
)
is in fact an assumption about the connement of the
molecular charge distribution in the molecular cylinder
and in our generic model it is suÆcient to take a form
that reects the molecular thickness . Other details of
F (r
k
) are expected to be of secondary importance.
In the three-dimensional Thomas Fermi model for
screening in a gas of electrons with charge e and mass
m
e
, the screening length  of (2) is related to the elec-























At metallic electron densities  is typically of the order
of 1

A. To have eÆcient screening in a molecular system
electrons (or holes) must occupy molecular states that
are eectively delocalized over the length of the bridge.
Charge doping by transfer from the metal electrode to
the molecular bridge may be one source of such elec-
trons. Their density is expected to be considerably lower
than metallic, implying a larger characteristic screening
length. We expect that a calculation based on (1) and
(2) that uses metallic electron density to estimate  will
provide an upper bound on the eective screening in a
molecular wire.
III. THE POTENTIAL DISTRIBUTION
Using the model described in the previous section, our
















; 0) = =2 and (r
k
; L) =  =2 : (6)
3It is convenient to decompose the full potential
(r
k

















in the absence of a molecule and a second term which
reects the additional potential (r
k
; z) satisfying the
boundary conditions (r
k
; 0) = (r
k
; L) = 0.













(z) + (0; z)] (9)































After expressing the bare potential prole in terms of a






























































For the potential prole along the molecular axis, only






) is needed which may easily be obtained from (11).
Due to the symmetry of the bare potential only even
Fourier coeÆcients are found to contribute. We thus ar-
rive at our main result describing the potential prole
along the molecule






















accounting for the inuence of screen-















































denotes a modied Bessel function. In the
limit of very small screening length, ! 0, it is possible
to show by evaluating the sum in (13) that the potential
along the wire vanishes and the entire voltage drop occurs
at the interface with the electrodes.
For the following discussion, it is convenient to intro-
duce a measure of the deviation of the voltage prole
(0; z) from the linear behavior (8). Since the integral
over (0; z)  
0





















This quantity is normalized such that it equals 1 if the
voltage drop occurs entirely at the ends of the molecule
while it vanishes for a linear potential prole. Employing






















IV. RESULTS AND DISCUSSION
We now address the dependence of the potential pro-
le on the width of the molecular wire and start with
the limiting case of an innitely thick molecule or, equiv-
alently, a large number of molecules in parallel present
between the two electrodes. Then, F (r
k














































The deviation from the linear voltage drop can be quan-


























This result is shown in Fig. 2 as uppermost curve. In the
limit of very large screening length,  ! 1, Æ vanishes,
thereby indicating the expected linear voltage drop. On
the other hand, for very short screening length,  !
0, Æ approaches one and the entire voltage drops at the
interfaces between wire and electrode.





FIG. 2: The deviation Æ (cf. (15)) of the voltage prole from
the linear behavior is shown as a function of the ratio of wire
length L and screening length . The four curves correspond
to  ! 1 (cf. (20)), =L = 0:05; 0:02; and 0:01 from the
upper to the lower curve.










This function is not normalized and therefore describes
a charge distribution with a density in the center inde-
pendent of the width . Such a situation arises when the
diameter of a molecular layer can be controlled. Then,
the charge density in the center appears in the screen-
ing length . In contrast, in the somewhat unrealistic
case where the charge density on the wire is changed, the
function F (r
k
) would have to be normalized.
One advantage of the Gaussian distribution (21) is the
fact that the coeÆcients (14) may still be expressed an-
































With this result the potential prole can be evaluated
numerically according to (13) while the deviation from
the linear voltage drop is obtained from (16).
In Fig. 2, the deviation Æ of the voltage prole from
the linear behavior (8) is shown for dierent values of
the wire thickness . The uppermost curve corresponds
to the limit of a thick molecular layer  !1 which was
discussed above. The three other curves correspond to
=L = 0:05; 0:02; and 0:01 from top to bottom. As these
results demonstrate, a reduction of  causes a reduction
of Æ indicating that the voltage prole approaches the
linear voltage drop. This behavior can be understood
in terms of a reduction of screening due to the reduced










FIG. 3: The potential prole along a molecular wire computed
from (13) and (22) is shown for a screening length =L = 0:05.
The thickness parameter =L takes the values 0:0125; 0:05;
and 0:5 from the almost linear behavior to the voltage prole
containing almost a plateau.
molecular layer. However, this eect becomes only rel-
evant for   L. As discussed above, the limit  ! 0
leads to a constant potential along the molecular wire.
Therefore, all curves shown in Fig. 2 tend to Æ = 1 in
this limit even though this is not shown in the gure.
We now turn to a discussion of the voltage proles
themselves. Figure 3 depicts results obtained from (13)
using F
n
from (22) and 
0
(z) as dened in (8). The
dimensionless screening length =L = 0:05 implies for a
typical metallic screening length  = 2a.u. a wire length
of L = 20 a.u.. The thickness parameter =L for the
three dierent curves are 0:0125; 0:05; and 0:5, where the
voltage prole becomes more and more linear as  de-
creases. As already mentioned, this may be understood
in terms of the reduced screening. Fig. 4 shows similar
results for a wire with a ratio between the typical di-
ameter and the wire length of =L = 0:125. Here, the
dimensionless screening length takes the decreasing val-
ues =L = 0:25; 0:1; and 0:05 with increasing deviation
from the linear voltage prole.
In Fig. 5 we present a t of our voltage prole to the ab
initio calculation of Ref. [6]. A least square t resulted
in a screening length of =L = 0:052 and a wire width of
=L = 0:032. For a distance L of approximately 34 a.u.,
this yields the reasonable value of 1:1 a.u. for the radial
extent of the electron density.
The parameters =L and =L employed allow for a
rather good approximation of the results of the ab ini-
tio calculation. However, there are two signicant dif-
ferences. The Friedel oscillations found in the quan-
tum calculation cannot be obtained within our classical
approach. In a tight-binding model description of the
molecular wire, Friedel oscillations naturally arise from
a breaking of electron-hole symmetry [11]. Secondly, the
systematic shift between the two voltage proles in Fig. 5
indicates that the wire in the ab initio calculation was










FIG. 4: Same as Fig. 3 but for xed thickness parameter
=L = 0:125 and varying screening length =L = 0:25; 0:1;
and 0:05 from the almost linear behavior to the voltage prole
containing almost a plateau.










FIG. 5: The potential drop across a chain of 6 gold atoms
placed between two gold electrodes as obtained from an ab
inito calculation in Ref. [6] (dashed line) is tted by a voltage
prole (13) depicted as full line. The best t was obtained for
=L = 0:032 and =L = 0:052.
charged while our wire is always assumed to be neutral.
It is obvious from these results that the ratio of the
wire thickness to the screening length does constitute an
important generic attribute that determines the general
behavior of the potential bias distribution along a molec-
ular wire. The relatively good t obtained between the
model calculations and the ab initio results for a chain of
gold atoms using reasonable geometric parameters sup-
ports this conclusion. We note in passing that the at
potential distribution observed [10] for metallic single
walled carbon nanotubes of thickness  20 a.u. is con-
sistent with the results shown in Fig. 3. One should keep
in mind however that apart from its intrinsic simplicity,
the model used in this work suers from two important
shortcomings. Firstly, the use of a simple screening prop-
erty as described by (1) and (2) cannot be justied for
all molecules, and certainly not for arbitrary distances.
Even when such screening applies, the magnitude of the
screening parameter  is not known and is expected to
depend on the amount of equilibrium charge transfer be-
tween the wire and the metal leads. Secondly, a complete
calculation of the potential prole along a molecular junc-
tion should take into account the fact that some of this
drop may take place on the metal leads near the junction.
Such a behavior was found in the calculation of Ref. [5].
V. CONCLUSIONS
The potential distribution along molecular wires in bi-
ased molecular junctions is determined in principle by
the detailed electronic structure of the wire and by the
response of this structure to the molecule-lead contacts
and to the bias. The present study has identied the wire
thickness as one of two generic attributes that largely
determine the way the potential drops along the wire.
Increasing this parameter leads to a crossover from a
three-dimensional electrostatic problem to an eectively
one-dimensional situation. The accompanying increase
in screening causes a transition from a linear potential
prole to a situation where the potential drops mostly
at the interfaces between wire and electrode. The other,
less accessible molecular property is its ability to screen
a local charge. In the present model calculation we have
used a simple screening length parameter to model this
molecular property, but further studies are needed for a
better characterization of this property.
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